Porzionato A, Guidolin D, Macchi V, Sarasin G, Grisafi D, Tortorella C, Dedja A, Zaramella P, De Caro R. Fractal analysis of alveolarization in hyperoxia-induced rat models of bronchopulmonary dysplasia. papers are available about potentiality of fractal analysis in quantitative assessment of alveolarization in bronchopulmonary dysplasia (BPD). Thus, we here performed a comparative analysis between fractal [fractal dimension (D) and lacunarity] and stereological [mean linear intercept (Lm), total volume of alveolar air spaces, total number of alveoli, mean alveolar volume, total volume and surface area of alveolar septa, and mean alveolar septal thickness] parameters in experimental hyperoxiainduced models of BPD. At birth, rats were distributed between the following groups: 1) rats raised in ambient air for 2 wk; 2) rats exposed to 60% oxygen for 2 wk; 3) rats raised in normoxia for 6 wk; and 4) rats exposed to 60% hyperoxia for 2 wk and to room air for further 4 wk. Normoxic 6-wk rats showed increased D and decreased lacunarity with respect to normoxic 2-wk rats, together with changes in all stereological parameters except for mean alveolar volume. Hyperoxia-exposed 2-wk rats showed significant changes only in total number of alveoli, mean alveolar volume, and lacunarity with respect to equal-in-age normoxic rats. In the comparison between 6-wk rats, the hyperoxia-exposed group showed decreased D and increased lacunarity, together with changes in all stereological parameters except for septal thickness. Analysis of receiver operating characteristic curves showed a comparable discriminatory power of D, lacunarity, and total number of alveoli; Lm and mean alveolar volume were less discriminative. D and lacunarity did not show significant changes when different segmentation thresholds were applied, suggesting that the fractal approach may be fit to automatic image analysis.
morphometry; stereology; lung development BRONCHOPULMONARY DYSPLASIA (BPD) is the typical chronic lung disease of prematurity, and it is characterized by impaired alveolar growth and dysmorphic vascularization. Oxygen toxicity and mechanical injury due to artificial ventilation were the main pathophysiological mechanisms in the classic severe form of BPD, whereas in the "new" forms of BPD further factors are also involved, such as immaturity, perinatal infection and inflammation, persistent ductus arteriosus, and disrupted alveolar and capillary development (4, 26, 52, 55) .
Many animal models of BPD have been proposed, characterized by impairment of normal lung development. Most models involve preterm baboons (65) and lambs (1) or exposure to hyperoxia of preterm and term rabbits (11) and term rats (40) or mice (6) . Term rats show at birth structurally immature lungs (saccular phase), which will undergo transition to the alveolar stage only at postnatal day (PND) 5. From a structural point of view, lungs of newborn term rats at birth (PND0) are approximatively equivalent to lungs of premature humans born at 26 -28 wk of gestation. Rats will achieve complete lung development about at PND30; in humans, the process of alveolarization continues until the 2nd yr. Hyperoxia exposure of the term rat lung in the first postnatal period is known to impair alveolarizations. In particular, different patterns of hyperoxia exposure have been proposed, involving various oxygen percentages (60, 75 , or 95-100%), exposure intervals (usually the first 10 or 14 days), and eventual presence of a recovery period (usually further 3 or 4 wk) (6, 40, 52) . In the various models, hyperoxia has been shown to disrupt postnatal alveolar development, leading to smaller numbers of enlarged and simplified alveoli, thicker septa, and an increase in alveolar macrophages (e.g., Refs. 3 and 12) .
Morphometric analyses of alveolarization in hyperoxia-induced models of BPD have frequently involved mean linear intercept (L m ) (23) or radial alveolar count (8, 9, 15) . These parameters, however, show some potential weaknesses due to nonuniform shrinkage or lung inflation (23, 27, 52) . In other pathologies or experimental approaches, different stereological parameters have been proposed for unbiased morphometry of alveolarization, such as total alveolar volume, total number of alveoli, number-weighted mean alveolar volume, total septal volume, total surface area of alveolar septa, and mean alveolar septal thickness (13, 24, 29, 34, 38, 49, 50, 59, 60, 61) . These parameters, however, have rarely been used in BPD models. Moreover, few studies have considered the suitability of fractal analysis for evaluating differences in alveolarization due to development/maturation and/or noxious stimuli (2, 46, 56, 62, 63) , and no papers are available about potentiality of fractal analysis in the evaluation of animal models of BPD.
Thus, in the present study, we addressed possible alternative strategies to morphometric estimate of alveolarization in two rat models of BPD, involving 60% hyperoxia exposure for the first two postnatal weeks, followed by death (2-wk model) or normoxia exposure for a further 4 wk (6-wk model). In particular, a fractal analysis approach, involving "fractal dimension" (D) and lacunarity, was compared with L m and a series of other unbiased stereological parameters.
MATERIALS AND METHODS

Animals and Experimental Procedure of Hyperoxia Exposure
Female wild-type Sprague-Dawley rats (Harlan, Udine, Italy) and their offspring were housed and handled in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. The study was approved by the Local Ethical Committee. Experimental procedures of hyperoxia exposure have been detailed in previous works (17, 30, 41, 43) . Briefly, the study was conducted on male or female rat pups kept together with their nursing mother in conventional facilities. Mothers and litters were placed in clear polished acrylic chambers provided with software enabling a continuous monitoring of O 2 and CO2 (BioSpherix, OxyCycler model A84XOV, Redfield, NY). Animals were maintained under standardized conditions of light (12:12-h light-dark cycle, illumination onset 0700) at 24°C. After term gestation, the newborn rats were randomly distributed between the following experimental groups: 1) rats (n ϭ 10; 5 male, 5 female) raised in ambient air for 2 wk; 2) rats (n ϭ 10; 5 male, 5 female) continuously exposed to 60% oxygen for 2 wk; 3) rats (n ϭ 10; 5 male, 5 female) raised in normoxia for 6 wk; and 4) rats (n ϭ 10; 5 male, 5 female) exposed to 60% hyperoxia for 2 wk and then to room air for a further 4 wk. Each experimental group comprised a balanced sample of rats across litters, i.e., two rats (1 male and 1 female) from each of five litters, to limit possible interfering effects due to litter differences. According to literature on the matter (e.g., Refs. 7 and 54), the nursing dams of each group have been rotated every day to prevent any negative effect of hyperoxia on nursing. The offspring had been well nursed, and the dam rotation did not exert any negative influence on the pups. At the experimental endpoint, animals were killed with an overdose of tiletamine-zolazepam (Zoletil) and xylazine (Rompun). For each animal, the trachea was cannulated, and 4% neutral buffered formalin was insufflated at a pressure of 25 cmH 2O. After the lungs were filled with the above fixative, the trachea was tied off, and the lungs were further fixed by immersion in buffered formalin overnight. The lungs were then separately removed, and their volumes were estimated by Scherle's method (47) . After fixation, both lungs were embedded in 4% aqueous agarose and cut into equidistant blocks from apical to basal aspect by means of a tissue slicer. Blocks were then selected for light microscopy in an alternate manner (48) .
From each block scaled photographs were taken of the cut surface to evaluate the amount of shrinkage induced by further processing as indicated by Hyde et al. (24) and Schneider and Ochs (51) under assumption of uniform shrinkage across the various tissue components (14, 24) :
where Abefore and Aafter are the areas of the cut surfaces at the moment of sampling and on the stained sections, respectively.
From each lung two to three blocks were then serially dehydrated in rising concentrations of ethanol, and embedded in paraffin.
Histological Techniques and Morphometric Procedures
From each tissue block a pair of consecutive 5-m sections was stained with hematoxylin and eosin and was used for morphometric analyses.
Stereological assessments. Bright-field images of the preparations were acquired by using a Leica DMR microscope (Leica Microsystems, Wetzlar, Germany) and a high-resolution digital camera (DC 200; Leica Microsystems). Systematic uniform random sampling at a primary magnification of ϫ20 (568 ϫ 422 m) was performed on a section from each pair, guaranteeing that each part of the section had the same chance of being analyzed. A digital image of each field of view was acquired in full colors (RGB, 24 bit) and then filed TIFF ( Fig. 1A) .
For the stereological assessment of digitally captured images, the computer-based software tool STEPanizer (57) was used. A quadratic test system of 64 points corresponding to a counting area of 415 ϫ 415 m was selected for point counting. It was associated with a grid tile (l p ϭ 104 m/point) for intercept counting (13, 29, 57, 59, 60) . Data assessment involved the counting of the number of points hitting nonparenchymal structures (P nonpar, large blood vessels and bronchi, see Ref. 38 ) and those hitting septal structures (Psep). The number of intercepts (Iair) between the test lines and alveolar septal surfaces was also recorded (59, 61) .
From these basic data, the following stereological parameters were estimated:
The volume fraction of parenchyma was estimated by the ratio: where Ptot is the total number of sampled test points. The volume fractions of alveolar air spaces (Vvair) and alveolar septa (Vvsep) in lung parenchyma were simply provided by the following relationships:
The total volumes of alveolar air spaces and alveolar septa were then calculated by multiplying volume fractions by the total volume of parenchyma (V par ϭ Vvpar ϫ Vlung).
Surface area density of air spaces (Svair) was calculated by counting of intercepts between alveolar septal surfaces and the lines forming the grid test system (59, 61) according to the following equation (61):
The total surface of alveolar air spaces was calculated as the product of surface density, volume fraction of parenchyma, and total lung volume affected by volume shrinkage. The obtained value was then corrected for surface shrinkage.
Both L m length and thickness of the alveolar septa (Tsep) can be derived from the abovementioned volume and surface estimators. Lm is a measure of the entire acinar space complex and is given by (27):
The thickness of the alveolar septa was estimated according to Mühlfeld and Ochs (35) by:
Estimation of alveolar number was done by application of the physical disector approach whereby two separate sections, a known distance apart, are compared.
The total number of alveoli was calculated through the estimation of the Euler number ( 3) (22) of the network of alveolar openings, as detailed in Ochs et al. (38) , Hyde et al. (24) , and Ochs (39) . The Euler number represents an integer-valued measure of connectivity of an object, with the number of connections in the three-dimensional (3D) network of the alveolar air spaces being the number of alveolar openings. It can be estimated by counting the number of free ends of alveolar septa becoming connected in the adjacent section ("bridges") and the number of new isolated alveolar edges appearing in the counting section but not yet connected with previously visible alveolar septa ("islands"). The available pairs of adjacent sections were used for counting, and the number of fields per section pair to count was determined in a pilot trial as the number needed to obtain a count of roughly 200 features per animal. Sections were then systematically sampled to obtain the required number of fields; digital pictures of each field in both sections were acquired and properly aligned. The software tool STEPanizer (rel. 2b28) was used to support the data collection, and the total volume of the disectors used for counting was:
where a was the counting area (415 ϫ 415 m), h the section thickness, n the number of fields, and f the factor correcting for global volume shrinkage.
Because counting was performed in both directions, i.e., using each single section one time as a sampling section (counting) and one time as a look-up section (comparison), for each couple of sections the contribution to the total Euler number is determined as
where I indicates the number of islands and B the number of bridges.
The total Euler number, instead, was estimated as follows:
Vref, or reference space, was considered as the total volume of the parenchyma.
The final estimate of the total number of alveoli (N alv) was then derived as follows:
The mean alveolar volume was obtained by the ratio of the total alveolar volume to the total number of alveoli (24, 38) .
Fractal analysis of the lung parenchyma. From the set of acquired digital images, only those corresponding to microscope fields in the lung parenchyma were selected for this type of analysis. Each was first converted to 8-bit grayscale, which typically exhibited a bimodal gray level histogram ( Fig. 1B) in which the first peak corresponds to the tissue and the second one to the air spaces. Thus, it can be easily segmented by conventional thresholding methods based on the selection of a threshold corresponding to the local minimum in the gray-level histogram (44) , leading to the binary image of parenchymal tissue illustrated in Fig. 1C . It then underwent a "thinning" or "skeletonization" operation to extract the overall shape of the pattern generated by alveolar walls (Fig. 1D ). The applied algorithm (see Ref. 66 ) iteratively eroded structures down to a thickness of 1 pixel without splitting them. The extraction of such a binary skeleton was then refined by applying a "pruning" procedure to remove small artefactual branches (28) .
To globally describe the complexity of form of the tissue pattern in quantitative terms, D can be a valuable parameter (19 -21) . It measures the rate of addition of structural detail with increasing magnification, scale, or resolution (10) . D of the binary skeleton of the air space walls (Fig. 1D ) was estimated using the "box-counting" method at multiple origins as indicated by Smith et al. (53) . Briefly, from grids of increasing size overlying the image, the number of boxes containing any pixel of the binary skeleton was counted. This number was recorded as a function of grid size, and D was calculated as Ϫ1 times the slope of the regression line, from a plot of the log of size on the x-axis and the log of box count on the y-axis. For a pattern in a two-dimensional (2D) space, D ranges between 1 and 2 and increases as the structural complexity of the pattern increases. To minimize grid location effects, the algorithm started from a number (10 in our case) of locations, generating a set of values for D. The average value over all locations was considered as the final estimate of D. During the same analytical process, "lacunarity" was also calculated. This parameter is a measure of the nonuniformity (heterogeneity) of structure or the degree of structural variance within an object (53) . It was estimated as the average of the coefficient of variation for pixel density over all grid sizes and locations (5) . Values of lacunarity increase from 0 (maximal homogeneity) as far as geometrical heterogeneity increases.
To perform the abovementioned analysis, an automatic procedure based on the "FracLac for ImageJ" plugin by Audrey Karperien was used (freely available at http://rsb.info.nih.gov/ij/plugins/fraclac/fraclac.html).
To evaluate how much the abovementioned parameters could be influenced by the gray-level thresholding-based recognition of the air space, a set of measurements was obtained from a same image in correspondence to different values of the segmentation threshold.
Statistical Analysis
Statistical analysis was done using GraphPad Prism software (GraphPad, La Jolla, CA) and the SPSS statistical package (version 13.0; IBM, Armonk, NY). Data were analyzed by one-way analysis of variance followed by Bonferroni's test for comparisons between selected groups. P Ͻ 0.05 was always used as the limit for statistical significance. In addition to the standard statistical difference tests, the ability of N alv, Valv, Lm, D, and lacunarity to discriminate between groups was estimated by calculating the receiver operating characteristic (ROC) curves (33) . ROC curve is constructed based on the fraction of true positives out of the positives (sensitivity) and the fraction of false positives out of the negatives (specificity), taking into account different thresholds. The potential discriminatory performances of different parameters can be estimated by analyzing the area under its ROC curve (see Refs. 45 and 67) . This analysis was performed starting from single section data using the web-based facility JRocfit (http://www.jrocfit.org) by John Eng.
RESULTS
Representative microscopic images of lung parenchyma and mean values (ϮSD) of different morphometric parameters in the four groups are shown in Fig. 2 and Table 1 , respectively. Figure 3 shows the distribution of fractal values in the four experimental groups. Parenchyma accounted for Ͼ80% of the lung volume in all groups, with no significant differences among them.
As it regards normoxic rats, an increased number of smaller alveolar spaces, consistent with normal alveolarization, was apparent at morphological examination of 6-wk rats with respect to younger ones. Morphometric analyses of animals exposed to normoxic conditions confirmed significant changes of the air space features. Six-week normoxic rats showed significant changes in all parameters except for mean alveolar volume. As it regards stereological parameters, significant increases in lung volume, total alveolar and septal volumes, surface area of alveolar septa, and total number of alveoli were found. Mean septal thickness and L m , instead, were found to reduce with age. Fractal analysis was also able to detect significant changes, since D and lacunarity were significantly increased and decreased, respectively, in older animals. These changes in fractal parameters imply an increased complexity and heterogeneity of the spatial pattern of tissue septa and alveolar spaces.
Histopathological examination of lung sections also showed signs of impaired alveolar development in both hyperoxic groups. The distal air spaces were fewer in number and enlarged, with reduced septation, and patchy areas of marked interstitial thick-ening were also appreciable. These qualitative observations were further detailed by the morphometric analysis.
Although the 2-wk hyperoxic group did not show significant changes in L m and most of the other stereological parameters, a significant decrease in the total number of alveoli and significant increase in the mean alveolar volume were found in the hyperoxic group with respect to the corresponding normoxic group. D was found not to significantly differ between the 2-wk groups, but the mean value of lacunarity was significantly increased in 2-wk rats exposed to hyperoxia (0.295 Ϯ 0.009 vs. 0.280 Ϯ 0.007 m, P Ͻ 0.01), indicating higher nonuniformity (hetereogeneity) of lung tissue after hyperoxia exposure.
Animals exposed to 60% hyperoxia for 2 wk and then to room air for a further 4 wk showed significantly lower values of lung volume, total alveolar and septal volumes, surface area of alveolar septa, and total number of alveoli, together with increased mean alveolar volume and L m , indicating that rats who underwent hyperoxic conditions exhibited a lower alveolar gas exchange surface-to-volume ratio.
Significant changes between the two 6-wk groups were also found with fractal analysis. The group exposed to hyperoxia appeared characterized by a lower value of D (1.49 Ϯ 0.018) compared with the room air group (1.52 Ϯ 0.015; P Ͻ 0.01), indicating that rats who underwent hyperoxic conditions exhibited an air space morphology of lower complexity. Lacunarity was also significantly increased in animals who underwent 60% hyperoxia exposure for 2 wk followed by 4 wk at room air compared with 6-wk controls (0.273 Ϯ 0.0049 vs. 0.264 Ϯ 0.005 m, P Ͻ 0.05), indicating for the hyperoxic group a higher variability of the air space morphological features across the lung tissue.
To evaluate the efficiency of the fractal parameters (D and lacunarity) and main stereological parameters addressing al- veolarization (total number of alveoli, mean alveolar volume, and L m ) as binary classifiers of the air space morphology in the tested conditions, the analysis of the ROC curves was also performed. As indicated by the areas under the curves (see Table 2 ), D, lacunarity, and the total number of alveoli showed a comparably high discriminatory power, although with some differences depending on experimental groups. Conversely, the mean alveolar volume and L m showed lower discriminatory power.
Analysis of the fractal parameters applying different values of segmentation threshold suggested that the bias eventually introduced in the analysis by approximations or errors in gray-level threshold selection is very low, with D and lacunarity showing a coefficient of variation of 0.005 and 0.008, respectively ( Fig. 4) .
DISCUSSION
In literature, many morphometric approaches have been developed and applied for quantitative evaluation of alveolar spaces in lung development and pathologies, comprising human samples and animal experimental models. Historically, radial alveolar count and L m have usually been involved as surrogates for alveolar size and alveolar number, in the assessment of alveolarization in lung maturation, and hyperoxiainduced models of BPD (52) . L m gives the "mean free distance" between gas exchange surfaces within the 3D acinar complex (23) . This parameter gained particular attention with the advent of automatic image analysis, which appeared as an interesting method to obtain an estimate of L m with minimal effort and high precision. It has to be pointed out, however, that it can be significantly influenced by several approximations that can occur during the image analysis procedure (27) . Thus, to increase accuracy, the automatic recognition of air space must be guided or aided by some observer intervention: nonair spaces, such as vessels or bronchioles, must be excluded. Furthermore, objective thresholding criteria should be defined, since they can introduce unknown biases. In the most recent literature, however, many further unbiased stereological methods have been developed for morphometric analyses of alveolarization (reviewed in Refs. 23, 35, and 37), which have not been fully considered for experimental models of BPD. Thus, in the present work, we specifically addressed a series of these parameters.
Fractal analyses have previously been proposed for study of lung structure and pathology. The fractal nature of the bron-chial (36) and microvascular (32) trees of the lung have already been demonstrated. The spatial distribution and gravity-independent heterogeneity of blood flow in the lung have also been described with reference to the fractal branching model of the pulmonary vascular tree (16) . Fractal dimension measures the rate of addition of structural detail with increasing magnification, scale, or resolution (10) . Thus, it is particularly useful to describe in a compact form the "complexity of shape" of a structure, and, when used to characterize the spatial pattern formed by the alveolar walls, this parameter can characterize the changes occurring in the lung parenchyma (2). In the present study, we considered two different parameters derived from fractal analysis: D measures the rate of addition of structural detail with increasing magnification, in other words it gives an estimate of complexity; lacunarity, instead, is a measure of nonuniformity or heterogeneity of the structure considered. There have been few studies considering D in lung development or pathology (2, 46, 56, 62, 63) , but, to the best of our knowledge, fractal analysis has never been applied before to hyperoxia-induced models of BPD. Moreover, there are no papers evaluating the efficacy of lacunarity in study of alveolarization.
In the present paper, we evaluated the potentiality of fractal analysis to detect changes in alveolarization due to lung development or hyperoxia exposure at different time points. As it regards development, fractal analyses of postnatal changes in alveolarization have been proposed in the literature with contrasting findings. Tinajero et al. (56) , for instance, did not find differences in D between 131-and 235-day-old Beagle puppies. In the same paper, the authors did not report changes in D of alveolar perimeter length in 11 human cases aging from 25 h to 19 yr. However, in a following work, they reported a significant difference between two groups of young (Ͻ16 yr old) and adult human subjects, and regression analysis demonstrated a significant exponential relationship between aging and D (63) . Both in wild-type and klotho mice, the fractal dimension related to size distribution of air spaces (D sn ) has also been reported to be lower in 7-wk-old mice than 4-wk-old mice. In the same study, instead, significant differences in L m were not present (46) . There are no studies applying fractal analysis in the evaluation of rat postnatal lung maturation. Our work showed significant increases in lung volume, total alveolar and septal volumes, surface area of alveolar septa, and total number of alveoli, together with decreases in mean septal thickness and L m . These changes are consistent with significant alveolarization in the time interval from 2 to 6 wk. The absence of a significant change in mean alveolar volume is consistent with the study by Tschanz et al. (58) reporting that this parameter decreases from PND4 to PND21 and then increases to day 60. In addition, significant changes in D (increase) and lacunarity (decrease) were also found in 6-wk rats with respect to 2-wk rats, supporting the suitability of these parameters for detecting developmental lung changes. Moreover, total number of alveoli, D, and lacunarity showed higher values of the areas under the ROC curves (0.998, 0.998, and 0.999, respectively) than mean alveolar volume and L m (0.719 and 0.859, respectively), indicating high efficiency of fractal parameters in detecting maturational changes of alveolarization.
As it regards fractal analyses in lung pathology, some reports are present in literature where fractal analyses of lung sections have been performed, according to Iannaccone (25) , for evaluation of histopathological results in animal experimental models and human diseases (56, 62, 63) . For instance, the mean D for alveolar perimeter length has been reported to be significantly increased in Beagle puppies (235 days of age) infected with canine adenovirus type 2 22 wk before death (repair-phase group). In these lungs, chronic inflammation and focal fibrosis were present, together with a decrease in the small airways diameter. The lung volume and internal surface area were also significantly increased in the canine adenovirus 2 (CAV2)-induced bronchiolitis. The above morphometric findings were ascribed to acceleration of lung alveolarization due to CAV2 infection. Conversely, changes in D were not reported in puppies infected only 2-3 wk before (56, 62) . A decrease in D for alveolar perimeter length has also been reported in human subjects with chronic obstructive pulmonary disease with respect to adult subjects not affected by respiratory diseases (63) .
Another research group has recently analyzed changes in fractal box dimension (DB) of elastase-induced emphysema in mice (2) . Mice receiving increasing doses of porcine pancreatic elastase underwent progressive air space enlargement and increased L m . Conversely, DB decreased with increasing doses of elastase, with an inverse linear relationship with L m . Inverse linear correlation between DB and L m was also reported in animals killed 7, 14, and 21 days after instillation of human neutrophil elastase.
Fractal analysis has also been applied to evaluate lungs of another experimental model of emphysema, the klotho-null mutant mice. The fractal dimensions related to the overall shape (D sp ) and size distribution (D sn ) of air spaces were considered. D sp was lower in klotho mice of 4 wk of age with respect to controls; D sn was also lower in klotho mice of 4 and 7 wk of age. At both time points, L m was higher in mutant mice. The above changes were prevented in mutant mice by a ROC, receiver operating characteristic. The accuracy as binary classifiers [Zweig and Campbell (67) and Sandelowsky (45) ] is as follows: 0.5-0.6, no discriminative; 0.6 -0.7, "poor" performance; 0.7-0.8, "fair" performance; 0.8 -0.9, "good" performance; Ͼ0.9, "excellent" performance. vitamin D-deficient diet, suggesting a role for this factor in the production of the emphysema (46) .
Hyperoxia exposure in newborn rodents is known to disrupt postnatal alveolar and microvascular development, and it has been widely used to develop experimental animal models of BPD (e.g., 3, 6, 12, 40) . In the present study, we considered two different models of hyperoxia exposure: hyperoxia exposure in the first two postnatal weeks followed by death or further exposure to 4 wk of normoxia. Impaired alveolarization was found in both groups, resulting in fewer larger-diameter alveoli with reduced septation and patchy areas of parenchymal thickening. However, morphometric analyses were different in the two experimental settings.
Conflicting results are present in literature regarding changes in alveolarization parameters in hyperoxia exposure for the first 14 postnatal days. In a previous work, we had reported an increased L m after 2 wk of hyperoxia exposure (18) , although significant changes were not found in another paper, applying the radial alveolar count (42) . In the present paper, L m was not significantly modified after 2 wk of 60% hyperoxia. Other studies have also previously reported the absence of significant changes in L m and alveolar surface area per unit of lung volume in newborn rats exposed to 60% hyperoxia for 14 days (31, 64) . From a histopathological point of view, however, these authors confirmed the detrimental effect of hyperoxia on alveolarization, with patchy areas of parenchymal thickening and areas of enlarged air spaces interspersed with areas of normal alveolarization. The heterogeneous effect of hyperoxia on developmental alveolarization has been considered as the main reason for the failure of hyperoxia to modify the above parameters, since, on the contrary, variance of L m has been found to be significantly increased in these works (31, 64) . It is possible that heterogeneity in the tissue response to hyperoxia may explain different results in similar experimental settings, although procedural aspects, such as field dimensions or sampling, may also play a role. It must also be considered, however, that there are no studies addressing hyperoxia-induced disruption of alveolarization through other stereological parameters or fractal approaches. Although in the present work most stereological parameters did not show significant changes, the significant decrease in total number of alveoli and increase in mean alveolar volume are of particular interest. As it regards fractal analysis, however, it must be stressed that, although D was also not significantly modified, lacunarity was found to be significantly increased in the hyperoxia-exposed group, suggesting higher sensitivity for this parameter in detecting changes in alveolarization. Analysis of the ROC curves clearly shows that L m (area under the curve of 0.542), which is the most frequently used parameter for analysis of experimental models of BPD, in reality is the least efficient in detecting changes. In this particular experimental setting, the best performances were given by mean alveolar volume (0.921), lacunarity (0.860), and total number of alveoli (0.833).
In the comparison between the two 6-wk groups, significant changes were found both in stereological and fractal parameters. Hyperoxia-exposed animals showed lower values of lung volume, total alveolar and septal volumes, surface area of alveolar septa, and total number of alveoli and increased values of mean alveolar volume and L m . As it regards fractal analysis, rats exposed to hyperoxia showed a lower value of D compared with the room air group, indicating an air space morphology of lower complexity. Lacunarity also resulted significantly increased, indicating for the hyperoxic group a higher variability of the air space morphological features across the lung tissue. Thus, both fractal parameters proved useful in addressing lung changes due to hyperoxia exposure in an experimental model also involving a recovery period. The evaluation of the discriminatory powers through ROC curves in this experimental setting gave "excellent" performance for lacunarity (0.961), total number of alveoli (0.951), D (0.950), and mean alveolar volume (0.907) and "good" performance for L m (0.880).
In conclusion, the fractal parameters D and lacunarity proved efficient in detecting changes in alveolarization due to postnatal maturation or hyperoxia effects. In the comparison with the other stereological parameters, fractal parameters proved more efficient than L m and mean alveolar volume, showing higher areas under the ROC curves. Conversely, the discriminatory powers of D and lacunarity were comparable to the total number of alveoli. In a comparative evaluation between these parameters, we must consider that the fractal analysis is two-dimension (2D) based, whereas the unbiased analysis of total number of alveoli is a 3D parameter. Thus, the fractal nonuniformity we can evaluate in sections is not necessary correspondent to nonuniformity of 3D architectures. This is a limitation of the fractal approach with respect to the other unbiased stereological methods. However, some authors have pointed out that stereological analysis of lung structure is quite time consuming, limiting its use in the lung community (52) . A fractal approach may be more practical, also giving different types of information (complexity and uniformity of the lung tissue texture) with respect to the other parameters.
We must also consider that digital manipulation of images is necessary to obtain the binary skeleton of the air space walls, and a certain loss of anatomical information may derive from binary skeletonization of alveolar ducts and sacs, but we can assume this aspect not to significantly affect comparisons between groups. Potential biases, moreover, could rely on the phase of thresholding, so that a specific evaluation was also made about the effects of different thresholding criteria on fractal parameters. Both D and lacunarity, however, when evaluated on the binary skeleton of the tissue pattern, were not influenced by approximations in thresholding and image editing (coefficients of variation of 0.005 and 0.008, respectively), appearing promising tools to devise automatic procedures for the image analysis of lung tissue.
DISCLOSURES
No conflicts of interest, financial or otherwise are declared by the authors. 
AUTHOR CONTRIBUTIONS
